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SURFACE-ENHANCED RAMAN SPECTROSCOPY (SERS) FOR THE 
FORENSIC ANALYSIS OF VAGINAL FLUID 
 
 
KATHRYN ANNE ZEGARELLI 
 
ABSTRACT 
Vaginal fluid is most often found at crime scenes where a sexual 
assault has taken place or on clothing or other items collected from 
sexual assault victims or perpetrators.  Because the victim is generally 
known in these cases, detection of vaginal fluid is not a matter of 
individual identification, as it might be for semen identification.  Instead, 
linkages can be made between victim and suspect if the sexual assault 
was carried out digitally or with a foreign object (e.g., bottle, pool cue, 
cigarette, handle of a hammer or other tool, etc.).  If such an object is 
only analyzed for DNA and the victim is identified, the suspect may claim 
that the victim’s DNA is present because she handled and/or is the 
owner of the object and not because it was used to sexually assault her; 
identification of vaginal fluid residue would alleviate such uncertainty. 
Most of the research conducted thus far regarding methods for the 
identification of vaginal fluid involves mRNA biomarkers and 
identification of various bacterial strains.1-3 However, these approaches 
require extensive sample preparation and laboratory analysis and have 
not fully explored the genomic differences among all body fluid RNAs.  No 
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existing methods of vaginal fluid identification incorporate both high 
specificity and rapid analysis.4  Therefore, a new rapid detection method 
is required. Surface-enhanced Raman spectroscopy (SERS) is an 
emerging technique with high sensitivity for the forensic analysis of 
various body fluids.  This technique has the potential to improve current 
vaginal fluid identification techniques due to its ease-of-use, rapid 
analysis time, portability, and non-destructive nature.   
For this experiment, all vaginal fluid samples were collected from 
anonymous donors by saturation of a cotton swab via vaginal insertion.  
Samples were analyzed on gold nanoparticle chips.4  This 
nanostructured metal substrate is essential for the large signal-
enhancement effect of SERS and also quenches any background 
fluorescence that sometimes interferes with normal Raman spectroscopy 
measurements.5   
Vaginal fluid SERS signal variation of a single sample over a six-
month period was evaluated under both ambient and frozen storage 
conditions.  Vaginal fluid samples were also taken from 10 individuals 
over the course of a single menstrual cycle.  Four samples collected at 
one-week intervals were obtained from each individual and analyzed 
using SERS.  
The SERS vaginal fluid signals showed very little variation as a 
function of time and storage conditions, indicating that the spectral 
vii 
pattern of vaginal fluid is not likely to change over time.  The samples 
analyzed over the span of one menstrual cycle showed slight intra-donor 
differences, however, the overall spectral patterns remained consistent 
and reproducible.   
When cycle spectra were compared between individuals, very little 
donor-to-donor variation was observed indicating the potential for a 
universal vaginal fluid signature spectrum.  A cross-validated, partial 
least squares – discriminant analysis (PLS-DA) model was built to 
classify all body fluids, where vaginal fluid was identified with 95.0% 
sensitivity and 96.6% specificity, which indicates that the spectral 
pattern of vaginal fluid was successfully distinguished from semen and 
blood. Thus, SERS has a high potential for application in the field of 
forensic science for vaginal fluid analysis. 
viii 
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1. INTRODUCTION 
1.1 Forensic Analysis of Vaginal Fluid at Crime Scenes  
 
Vaginal fluid is most often found at crime scenes where a sexual 
assault has taken place or on clothing or other items collected from 
sexual assault victims or perpetrators.4  Because the victim is generally 
known in these cases, detection of vaginal fluid is not a matter of 
individual identification, as it might be for semen identification.  Instead, 
linkages can be made between victim and suspect if the sexual assault 
was carried out digitally or with a foreign object (e.g., bottle, pool cue, 
cigarette, handle of a hammer or other tool, etc.).  If such an object is 
only analyzed for DNA and the victim is identified, the suspect may claim 
that the victim’s DNA is present because she handled and/or is the 
owner of the object and not because it was used to sexually assault her; 
identification of vaginal fluid residue would alleviate such uncertainty.   
  
 
1.2 Current Vaginal Fluid Detection Methods 
 Currently, not many tests exist for the detection of vaginal fluid.  
This is because vaginal fluid is known to be highly variable in 
constituents and is not found at a crime scene quite as often as other 
major body fluids (i.e., blood or semen).5  Additionally, existing screening 
tests are highly presumptive, indicating only that the presence of vaginal 
fluid is a possibility and further testing is required.  Lugol’s Iodine and 
2 
the Periodic Acid Schiff stains are two techniques currently used for the 
detection of glycogenated epithelial cells, which are typically most 
abundant in vaginal fluid.6  However, these tests can only give 
presumptive results because, although in less abundance, glycogenated 
epithelial cells can also be found on other areas of the body including the 
mouth, anorectal area and the end of the urethral canal of the penis.7  
Abundance of glycogenated epithelial cells can also vary at different 
points in the menstrual cycle leaving these tests unreliable.5 
Most of the recent research conducted regarding methods for the 
identification of vaginal fluid involves mRNA biomarkers and 
identification of various bacterial strains.1-3 However, these approaches 
require extensive sample preparation and laboratory analysis which have 
not fully explored the genomic differences among all body fluid RNAs.  A 
new method is needed, preferably of a confirmatory nature, to identify 
vaginal fluid and distinguish this fluid from other major body fluids 
found at crime scenes including blood, semen, urine, and saliva.  This 
new method should also save resources by requiring minimal time for 
sample preparation and laboratory analysis. 
 
1.3 Normal Raman Spectroscopy 
Normal Raman spectroscopy is based on the inelastic scattering of 
photons by a molecule excited with monochromatic light.  Inelastic 
3 
scattering occurs when the photons emitted from a sample are of a 
different wavelength than the incident light due to molecular vibrations.8  
A photon is a subatomic particle of no electric charge that is used for the 
quantum mechanical description of electromagnetic radiation or light.9  
This change in frequency is directly proportional to the change in energy 
levels (Equation 1): 
Δν = ΔE/hc           Equation 1 
 
In Equation 1, Δν is the change in frequency, ΔE is the change in 
energy, h is Planck’s constant (6.626x10-34 m2 kg/s), and c is the speed 
of light in a vacuum (3.0x108 m/s).   
Raman scattering occurs when the electronic polarization of a 
molecule or part of a molecule in a sample is dependent on molecular 
vibrational motion.  Polarization is the distortion of positive or negative 
charge within a molecule causing that molecule to have a partial positive 
and partial negative charge distribution.8  The emitted light is elastic, or 
has the same wavelength as the incident source, known as Rayleigh 
scattering when the change in polarization is independent of any 
vibrational (nuclear) coordinates.  Inelastic Raman scattering occurs in 
two forms: Stokes, where emitted photons have less energy than the 
incident radiation and result in a vibrational excitation to a higher 
vibrational energy level than the initial ground state; and anti-Stokes, 
where emitted photons have more energy than the incident radiation and 
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result in a transition to a lower vibrational energy level (Figure 1). 
Rayleigh scattering has a relative intensity several orders of magnitude 
higher than Raman scattering due to the relative weakness of the nuclear 
coordinate dependence of the polarizability.9  The ratio of one energy level 
molecular population to another is given by the Boltzmann distribution 
(Equation 2) and explains why Stokes scattering is generally much 
greater than anti-Stokes at normal room temperature since the excited v 
= 1 level is less populated than the v = 0 ground state:  
n1/n0 = e-(hν/kT)                Equation 2 
 
In Equation 2, n1 and n0 represent the population of molecules for 
energy level 1 and 0, respectively, providing a ratio.  The variable h is 
Planck’s constant (Equation 1), ν is the vibrational frequency, and k is an 
equilibrium constant at a given temperature, T.  This equation shows 
that the population ratio n1/n0 is exponentially proportional to the 
vibrational frequency of the molecules.9  
5 
   
Figure 1.  Energy level transition diagram for normal Raman light scattering.  
Shows excitation transitions from vibrational states to virtual states and back down for 
Stokes, Rayleigh and Anti-Stokes scattering.  These transitions are both initiated and 
terminated at different levels based on what type of light scattering has occurred. Image 
modified from 10 
 
Hence, Stokes scattered photons are used more frequently to measure 
the change in energy via Raman spectroscopy.8   
 There are several different types of molecular bonds that can exist 
within a compound and each of these bonds will be characterized by a 
unique vibrational frequency, thus resulting in Raman scattered photons 
of different frequencies.  Because every compound is made up of a 
different set of molecular bonds, the frequencies that are detected by a 
Raman spectrophotometer will produce a unique set of peaks or 
emissions for each compound or sample.  Thus, each compound has a 
molecular “fingerprint” that will produce Raman spectra unique to their 
own set of chemical bonds, providing a form of molecular identification.11 
6 
Peak intensity in a Raman spectrum is also directly proportional to 
the concentration of a molecule that will produce a particular vibration.  
Sharp peaks in a spectrum indicate high resolution and a high likelihood 
that the peak is due to a single polarizable bond.  Broad peaks in a 
spectrum indicate low resolution and a high likelihood that there is peak 
overlap due to molecular bonds that are very similar in structure.9 
Electronic transitions are much more intense than vibrational 
transitions because they require much more energy for a photon to move 
from one electronic state to the next as indicated by the ground and 
excited state potential well separation in Figure 2.9  Sometimes, the 
much weaker Raman signal can be overwhelmed by background 
fluorescence, especially in biological materials. 
7 
 
Figure 2.  Energy level transitions between separate potential energy wells.  
Numbers represent vibrational states found in the ground and excited state potential 
energy wells.  R is the internuclear distance between atoms, De is the potential energy 
relative to the bottom of the well, D0 is the bond energy, and v0 is the minimum energies 
required for a transition to occur between the two energy wells. Image modified from 12 
 
  Fluorescence occurs when a molecule absorbs light and the 
emitted photon is visually seen as it returns to the ground state.  Some 
biological materials fluoresce when excited with 785 nm radiation, which 
is used often used for Raman spectroscopy; thus modified techniques are 
necessary to reveal the Raman fingerprint.13 
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1.4 Surface-Enhanced Raman Spectroscopy (SERS) 
 Surface-enhanced Raman spectroscopy (SERS) has the potential to 
produce confirmatory, on-site, rapid, and non-destructive identification 
of vaginal fluid, which is a level of discrimination that has not yet been 
established for this body fluid; thus, it will impact the forensic science 
community by reducing the time and cost required for specimen 
analysis.   
SERS has a high sensitivity due to localized surface plasmons of 
the metal substrate which, when excited, enhance the electric field of the 
incident light and the sample; thus providing a greatly enhanced Raman 
spectrum. This is especially important for dilute solutions, which is ideal 
in cases with little evidence available for collection and subsequent 
analysis.14  Additionally, fluorescence, which could mask the weaker 
Raman signal,  is quenched by the proximity of the metal surface. 
The gold metal nanostructured substrate is the signal-enhancing 
factor of SERS.15  Gold is one of the most commonly used metals with 
SERS because its plasmon resonance frequencies fall within the range of 
visible (400 nm – 700 nm) and near-infrared (700 nm – 2000 nm) 
radiation, which are the incident frequencies typically used to excite 
Raman active molecules.16 
Quenching of the fluorescent background of a sample occurs due 
to efficient energy transfer to the metal surface. For example, rhodamine 
9 
6G is a typical fluorescent dye molecule, whose fluorescence is quenched 
on a SERS active substrate, revealing many vibrational modes 
characteristic of the molecule and hence serves as a molecular 
fingerprint.18 
 No existing methods of vaginal fluid identification incorporate both 
high specificity and rapid analysis.  If vaginal fluid samples collected 
throughout the menstrual cycle do not show significant differences in the 
spectral pattern from one week to the next, this would indicate that the 
SERS vaginal fluid spectrum of a single donor is not dependent on 
molecular components that are modified during this time.  Additionally, 
if the spectral pattern of one donor was not significantly different from 
any other donor, this would indicate that vaginal fluid does have a 
signature spectral pattern that is not dependent on the individual or the 
time of the menstrual cycle.  
Previous research with this technique has already shown the 
potential of SERS to successfully separate and identify blood, semen, 
vaginal fluid, urine, and saliva.11 Therefore, it is theorized that SERS has 
the potential to improve current vaginal fluid identification techniques 
due to its ease-of-use, rapid analysis time, portability, and non-
destructive nature.   
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2. MATERIALS AND METHODS 
All vaginal fluid samples were collected from anonymous donors by 
saturation of a cotton swab via vaginal insertion.  Sample donations were 
solicited in accordance with a protocol approved by the Boston University 
School of Medicine Institutional Review Board. 
 
2.1 Spectral Acquisition and Data Analysis 
Sample analysis was performed using a Renishaw Raman 
microscope [RM-2000, Wotton-under-Edge, Gloucestershire] equipped 
with a 785 nm diode laser [HPNIR785, Wotton-under-Edge, 
Gloucestershire] and a Leica microscope attachment [Wetzlar, Germany].  
Spectra were collected using a 10 second scan over a spectral range of 
300-2000 cm-1, ~3 mW power, 40% defocus, and 50X (0.75 NA) objective 
lens. A 10X ocular lens was used for initial visualization of the substrate.  
Data was collected using Renishaw WiRE 2.0 software [Wotton-under-
Edge, Gloucestershire]. Signal reproducibility was established by 
analyzing 1 μL samples deposited on gold nanoparticle chips in triplicate 
for each sample and obtaining 10 spectra per chip.   
The SERS substrates were SiO2 “chips” covered by clusters of gold 
nanoparticles produced by an in-situ growth procedure developed 
previously in this lab.19  The outer layer of these ~1 mm2 SiO2 substrates 
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is covered by small (2 – 15 particles) aggregates of monodispersed ~80 
nm gold nanoparticles (Figure 3).19  These chips were used as the signal 
enhancing factor for SERS vaginal fluid identification. 
 
 
Figure 3.  Gold nanoparticle chips after sample deposition.  Chips are set up on 
standard glass microscope slides with samples, labeled and covered with standard petri 
dishes for protection and uniform drying. 
 
Spectral analysis was conducted using in-house written MATLAB 
[The Mathworks, Natick, MA] routines, and partial least squares – 
discriminant analysis (PLS-DA) was performed using the PLS toolbox 
[Eigenvector Research, Inc., Wenatchee, WA].  Pre-processing of the 
spectral data included normalization of the raw data, a spectral cut (400 
– 1740 cm-1), smoothing factor for baseline correction, and conversion to 
barcodes for final statistical analysis.20  Barcodes are an in-house 
method coded in MATLAB that allows the multivariate data analysis 
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techniques to provide enhanced spectral identification.  This barcode 
procedure was based on the sign of the second derivative of the SERS 
spectra.  When this process is finished, the overall spectrum looks 
similar to a barcode.  Without this, the PLS-DA model may process two 
spectra of the same body fluid and misidentify them as not of the same 
class due to small discrepancies such as a variation in relative intensities 
or baseline differences.  The barcodes alleviate this issue by emphasizing 
the peak locations as a function of frequency and thus allowing 
multivariate statistical methods to more easily classify body fluids or 
other spectral classes.  
 
2.2 Statistical Analysis 
 PLS-DA is a mathematical method of providing sharp separations 
between classes.21  Data is entered, processed and grouped accordingly 
by the user based on sample type.  The barcode was typically used with a 
smoothing factor of 25 and a threshold of -0.0003 and processed for 
optimal separation of one class from another.  Each set of data was 
cross-validated using random subsets and parameters (maximum logical 
volumes, number of data splits, and number of iterations) were chosen 
based on sample size (Table 1). 
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Table 1.  PLS-DA model parameters.  Data sets represent Menstrual Cycle Variation, 
Donor Variability, Semen Mixture, Blood Mixture, and the analysis of both semen and 
blood against all vaginal fluid donors simultaneously.  Numbers were chosen based on 
sample size. 
 
 Menstrual 
Cycles 
Donor-
Donor 
Semen Blood Semen-
Donors 
Blood-
Donors 
Maximum 
LVs 
10 7 10 10 7 5 
Data Splits 24 83 14 18 10 13 
Iterations 3 9 5 5 3 3 
 
Maximum logical volumes (LVs) are the highest number of random 
groupings that can be made among the data splits within one iteration.  
Data splits are separations or groupings of data within a single class and 
an iteration is a repetition of the process of random selection.21  The 
number of data splits for the analysis of donor variability is relatively 
high due to the significantly larger volume of data included in that 
particular analysis (1200 data points) compared to the other sets (120 
data points). 
 PLS-DA generates analytical sensitivity and specificity values for 
identification of difference spectral classes.  Sensitivity is a percentage 
value assigned based on how well the model is able to function using the 
data given.22,23  Specificity is a percentage value based on how well one 
class is able to be distinguished from another.23  Values of 95% or above 
are considered good and reliable indicating that the model has high 
functionality and the different classes are able to be successfully 
distinguished from one another.24  Values of less than 95% are less than 
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reliable and indicate that the model has lower functionality using the 
given data, thus leading to higher probability for inaccurate 
identification.24   
 
2.3 Extraction Optimization 
A procedure was developed to accurately and reproducibly extract 
the dried vaginal fluid from all cotton swabs collected, and subsequently 
applied to each part of this research.  A 1.0 μL sample of each of these 
extracts was analyzed on gold nanoparticle chips.  Eight methods were 
tested and included three variables:  extraction volume, agitation and 
extraction time (Table 2).   
Table 2.  Variables tested during extraction optimization.  Shows 8 different 
methods tested with varying volumes of water added for extraction, number of pipette 
agitations, and extraction times. 
 
Method Volume 
(μL) 
Agitation 
(up/down) 
Extraction 
(minutes) 
1 5 3 5 
2 5 5 5 
3 5 3 10 
4 5 5 10 
5 10 3 5 
6 10 5 5 
7 10 3 10 
8 10 5 10 
 
Saline was considered as the extraction liquid in place of water; 
however, previous research in this lab has shown no difference in signal 
obtained from a biological sample between the two liquids.18  As water is 
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an inexpensive, more practical choice for the forensic science community 
it was the extraction liquid of choice for this research. 
Each experimental method was performed in triplicate, analyzing a 
given sample on three separate gold nanoparticle chips and obtaining 10 
spectra per chip.  The signals obtained from the samples were evaluated 
based on intensity, robustness, and signal-to-noise (S/N) ratio. Based on 
these factors, extraction method 8 was the most reliable; therefore it was 
used unmodified throughout this research.  A small swab cutting (~ 2 
mm x 2 mm) was placed in 10 μL of water, the volume was pipetted up 
and down five times to agitate the sample, and the sample was extracted 
for 10 minutes at room temperature.   
 
2.4 Vaginal Fluid Components 
 Determining the molecular components of vaginal fluid is 
important for improving the specificity of body fluid identification.  If 
each major body fluid gives a SERS signal from a specific group of 
molecular components that varies from one body fluid to the next, each 
of these individual signals would be a SERS signature for the given body 
fluid.  This knowledge is critical as it provides a high degree of specificity 
and would be useful with samples that are degraded or modified (e.g., 
environmental effects, biological metabolism, fluid mixtures, etc.), 
potentially leading to spectral misclassification.  Knowing what molecular 
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component is represented by each peak in a given spectrum is just as 
important as recognizing the overall pattern as the signature or 
“fingerprint” of the body fluid as a whole. 
Spectra were obtained from the laboratory’s internal library of 
reference standards for components known to be found in vaginal fluid 
as well as most biological matrices.5  The most prominent spectral peaks 
for these components were compared to those in a vaginal fluid SERS 
spectrum averaged from 30 spectra of the same sample.  Once the 
components were chosen (adenine, xanthine, hypoxanthine, uric acid, 
protein, guanine, phenylalanine, uric acid) a combination spectrum was 
manually created and fit to the vaginal fluid spectrum using tools in 
MATLAB.5,19,25  The individual spectra of each molecular component 
thought to be contributing to the vaginal fluid SERS signal were 
normalized, loaded into the MATLAB workspace, and summed together 
as one unit to produce a single spectrum representative of an equal 
combination of each component.  This new spectrum was then overlaid 
with a normalized representative vaginal fluid spectrum.  Coefficients for 
each molecular component within the combination spectrum were 
reached through trial and error in order to determine the relative 
normalized contribution of each component until the combined spectrum 
was visually as similar as possible to the vaginal fluid spectrum. 
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2.5 Effects of Aging 
Biological fluid components levels are known to vary over time both 
inside and outside of the body.26  This study evaluates the stability of the 
vaginal fluid SERS spectrum over a long term period. 
Vaginal fluid signal variation of a single sample over a six-month 
period collected from one donor was evaluated under both ambient and 
frozen storage conditions.  Two swabs were obtained from a single donor 
and extracted in the fresh state for analysis using the optimized method 
described in Section 2.3, as well as a 10X dilution.  The dilution was 
attempted as SERS is known to have better enhancements of biological 
materials in extremely small quantities of approximately 1 μL or less.18  
Each solution was analyzed in triplicate, collecting 10 spectra per chip 
for a total of 30 spectra per solution to ensure sample and signal 
homogeneity. One swab was stored at approximately 23°C and the other 
at -4°C for six months.  Each swab was separately extracted and 
analyzed in triplicate at 24 hours, 1-3 weeks, and 1-6 months for a total 
of 11 analysis time points (Table 3). 
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Table 3.  Time study points of analysis.  Shows a breakdown of each time point at 
which the samples were extracted and analyzed over a six-month period. 
 
Analysis Time 
Lapse 
1 0 hours 
2 24 hours 
3 1 week 
4 2 weeks 
5 3 weeks 
6 1 month 
7 2 months 
8 3 months 
9 4 months 
10 5 months 
11 6 months 
 
Results were obtained and monitored over time for any changes in 
the consistency of the spectral pattern, which can be due to variation of 
component concentration, modification, or degradation.  These changes 
were visually and statistically analyzed to determine whether the spectra 
could still be successfully distinguished from other body fluids as well as 
still classified correctly as vaginal fluid. 
 
2.6 Menstrual Cycle Variation 
 The molecular components of vaginal fluid and the levels at which 
they are present are known to vary over the course of a menstrual cycle 
and do not necessarily remain consistent from one individual to the 
next.27  This is why a reliable confirmatory test for the identification of 
vaginal fluid has been so difficult to produce in the past.27  If SERS is to 
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be used for this purpose, it is important to determine and address any 
spectral variation that may exist among vaginal fluid spectra collected 
over a menstrual cycle, or four-week time interval. 
Vaginal fluid samples were taken from 10 individuals over the 
course of a single menstrual cycle.  Four samples collected at one-week 
intervals were obtained from each of the 10 individuals, extracted using 
the method described in Section 2.3, analyzed in triplicate using SERS, 
and statistically evaluated using MATLAB and PLS-DA.  Results were 
obtained and analyzed for any changes in consistency within the cycle of 
a single donor as well as between donors. 
If inconsistencies exist within a single menstrual cycle or between 
donors, it is important to establish possible molecular causes for these 
differences.  It is also necessary to determine if these variations will have 
any negative effect on the ability of the statistical model to successfully 
classify a spectrum as vaginal fluid. 
 
2.7 Body Fluid Mixtures 
During the investigation of a crime scene it is important to discover 
as many details as possible regarding the events of the case.  If either 
semen or blood is present along with vaginal fluid, the leading 
implications would likely be related to a sexual assault because vaginal 
fluid is not otherwise commonly found at a crime scene.27  Vaginal fluid 
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was combined with semen and blood extracts separately and analyzed 
using the optimized extraction method stated in Section 2.3 and SERS in 
order to determine if it would be possible to distinguish vaginal fluid 
when present in mixtures.  Knowing whether vaginal fluid is present in a 
semen or blood sample can significantly aide the reconstruction of events 
in a criminal case.28 
 
2.7.1 Semen-Vaginal Fluid Mixture 
A 100.0 μL sample of neat semen was deposited onto a sterile 
white cotton swatch and dried for five days to ensure no moisture was 
left in the sample.  Two cuttings of the cotton swatch were taken and 
extracted separately.  At this point in the research, it had been 
established that the vaginal fluid spectrum did not show any significant 
changes over time (Section 3.2).  Thus, a vaginal fluid swab that had 
already aged two months at room temperature was used for the mixture 
study.  Two cuttings of this swab were taken and extracted separately.  A 
5.00 μL sample from one semen extract and one vaginal fluid extract 
were combined into a single mixture (1:1 ratio of semen to vaginal fluid) 
and agitated five times for mixing.  The semen, vaginal fluid, and mixture 
samples were each analyzed in triplicate for a total of 30 SERS spectra 
each.  Results were obtained and analyzed for any spectral variations to 
determine, both visually and statistically, if semen and vaginal fluid 
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could be successfully distinguished from each other.  Potential 
misclassification of the mixture as semen or vaginal fluid alone was also 
investigated.  
 
2.7.2 Blood-Vaginal Fluid Mixture  
A donor’s finger was pricked with a lancet and fresh blood was 
deposited directly onto a sterile white cotton swatch.  The sample 
measured approximately 1.25 inches in diameter and was dried for five 
days.  Two cuttings of the cotton swatch were taken and extracted 
separately.  A vaginal fluid swab from the same donor that had already 
aged two months at room temperature was used for the mixture study.  
Two cuttings were taken and extracted separately.  A 5.0 μL sample from 
one blood and vaginal fluid extract were combined into a single sample 
mixture (1:1 ratio of blood to vaginal fluid) and agitated five times ensure 
a homogeneous mixture.  The blood, vaginal fluid, mixture, and 
menstrual blood samples were each analyzed in triplicate for a total of 30 
spectra each.  Results were obtained and analyzed for any spectral 
variations in order to determine, both visually and statistically, if blood 
and vaginal fluid could be successfully distinguished by identifying 
signals in one fluid signature that are not present in that of the other 
and vice versa.  This would indicate separate sets of molecular 
components for each fluid, thus providing “fingerprint” identification.  
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Potential misclassification of the mixture as blood, menstrual blood, or 
vaginal fluid alone was also investigated.  Results of the menstrual blood 
analysis were obtained and compared to the blood-vaginal fluid mixture 
spectra for any spectral variations in order to determine, both visually 
and statistically, if the menstrual blood signature could be successfully 
distinguished from the blood-vaginal fluid mixture. 
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3. RESULTS & DISCUSSION 
Surface-enhanced Raman spectroscopy (SERS) has the potential to 
produce confirmatory, on-site, rapid, and non-destructive identification 
of vaginal fluid, which is a level of discrimination that has not yet been 
established for this body fluid; thus, it will impact the forensic science 
community by reducing the time and cost required for specimen 
analysis.  No existing methods of vaginal fluid identification incorporate 
both high specificity and rapid analysis.  Therefore, SERS has the 
potential to improve current vaginal fluid identification techniques. 
 
3.1 Vaginal Fluid Components 
 The molecular components identified as the major contributors to 
the SERS signal for vaginal fluid are adenine, hypoxanthine, and protein 
as determined from visual examination of a combined component 
spectrum overlaid with a vaginal fluid spectrum.  All major peaks of the 
vaginal fluid signature spectrum are visually accounted for using these 
components alone (Figure 4).  The peak at 722 cm-1 and the shoulder 
peak at 733 cm-1 are attributed to hypoxanthine and adenine, 
respectively.29,30  The peaks at 963 and 1460 cm-1 are due to a 
combination of adenine and hypoxanthine.29,30 The peaks at 1317 and 
1364 cm-1 are attributed to adenine and hypoxanthine, respectively.29,30  
Protein, specifically albumin, is represented by the three broad 
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background peaks along the 800 – 1700 cm-1 region (c.a. 800 – 1000 cm-
1, 1100 – 1400 cm-1, and 1500 – 1700 cm-1).19  Previous research has 
shown a spectral signature of protein that is not specific to any protein in 
particular thus far.19  However, as albumin is a protein known to exist in 
vaginal fluid with high abundance, it was the reference protein used for 
this research.5  Possible minor components were determined to be 
xanthine (506, 574, 963, 1245, 1317, and 1578 cm-1), uric acid (495, 
645, 651, 892, 1081, and 1578 cm-1), guanine (574, 963, and 1578 cm-1), 
and phenylalanine (1001 cm-1). However, the relative normalized 
contribution of the minor components could not be determined using a 
spectral fit; rather, the components were chosen through visual 
inspection of the vaginal fluid spectrum in comparison with the 
individual SERS spectrum of each component. 
 Xanthine is another metabolite and in some cases can show 
greater signal intensity than hypoxanthine, as observed in the vaginal 
fluid spectrum of Donor 10 (Figure 8).31  Hypoxanthine is also a 
nucleotide metabolite.  Adenine which is a purine base found in all DNA, 
and may also be seen in cellular secretions.29,30 
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Figure 4.  Spectral results for the components of vaginal fluid and a fitted 
combination spectrum.  (A) Spectra of individual components identified in vaginal 
fluid and an average vaginal fluid spectrum (green). Only major components were 
identified: protein (magenta), hypoxanthine (gold), and adenine (cyan).  Possible minor 
components include xanthine, uric acid, guanine, and phenylalanine. (B) Vaginal fluid 
spectrum (green) overlaid with a combined spectrum (blue) of adenine, hypoxanthine 
and albumin and fitted using coefficients 0.5, 0.9 and 0.5 respectively as determined 
from visual examination of a component fit spectrum.  Fit was created using normalized 
spectra and the coefficients represent the relative normalized contribution of each 
component to the spectrum. 
 
Distinguishing the major molecular components of each body fluid will 
help determine the basic signature spectral pattern for each.  This is 
useful for the field of forensic science because any research conducted on 
molecular components will improve the specificity of body fluid 
identification. 
 
3.2 Effects of Aging 
Biological fluids are well-known for degradation over time due to 
components that are biologically modified, metabolized or simply cannot 
survive in vitro.26  It is important to know the way in which the 
components of a particular body fluid change under these conditions as 
A. B. 
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well as what degradation signs might occur over long periods of time, to 
what extent, and at what point in time these changes are able to start 
being observed.  Studying these changes with SERS is important in 
determining if an unaltered body fluid can be distinguished from other 
unaltered body fluids.  If so, it must also be known whether an altered or 
degraded body fluid can be distinguished from other body fluids 
(degraded or not) and at which point in the aging process the separation 
becomes unsuccessful.  Additionally, it must be established whether that 
degraded body fluid can be classified as the correct fluid type as well as 
the time point at which the fluid degradation level becomes too high for a 
successful classification.  
 The vaginal fluid SERS signals showed very little spectral variation 
as a function of time and storage conditions.  This was determined 
visually as the spectral pattern remained the same with no significant 
changes, such as relative peak intensity or a shifting of wavenumbers, 
from one point of analysis to the next.  The first sign of degradation was 
observed at 6 months with the 10X dilution of the ambient swab extract 
(Figure 5.B).  However, the spectral signal from all other samples at the 6 
month time point showed no visual signs of degradation (Figures 5.A and 
6).  At each point of analysis for both the ambient and frozen swabs it 
was observed that the 10X diluted solution consistently had a less 
intense protein signal.  In the earlier time points (0 hours – 2 weeks), this 
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was advantageous as weaker signals from underlying components were 
distinguished from protein bands.  However, with later time points (3 
weeks – 6 months) the protein signal was already of a lower intensity 
which is likely due to denaturation over time.32  Outside of a biological 
system, protein structures become weak and unstable and this effect 
increases over time.  Additionally, the interaction between the protein 
and metal substrate used with SERS can alter the net charge of the 
protein which will also cause denaturation.32 The 10X dilution began to 
show degradation of the spectral signal, particularly over the 1100 – 
1400 cm-1 range where one of the three broad protein bands is found.  
   
Figure 5.  Effects of aging vaginal fluid over 6 months in ambient conditions.  (A) 
Sample extraction from optimized method. (B) 10X dilution of initial extraction.  Panels 
A and B show 0 hours (blue), 24 hours (green), 1 month (red), 3 months (cyan), and 6 
months (purple).  Each time point is a representative normalized average of 30 spectra. 
 
A. 
 
B. 
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Figure 6.  Effects of aging vaginal fluid over 6 months in frozen (-4°C) conditions.  
(A) Sample extraction from optimized method. (B) 10X dilution of initial extraction.  
Panels A and B show 0 hours (blue), 24 hours (green), 1 month (red), 3 months (cyan), 
and 6 months (purple).  Each time point is a representative normalized average of 30 
spectra. 
 
The diluted samples seem to have a more broken up signal from 
approximately 1100 – 1400 cm-1.  This is likely due to a smaller 
abundance of protein in a diluted sample allowing sharper signals from 
other components to be seen.33,34  Previous research has shown a 
spectral signature of protein that is not specific to any protein in 
particular thus far.19  This signature is observed in the vaginal fluid 
spectra consistently among all donors as three broad peaks over the 
interval of 800 – 1700 cm-1, as stated in Section 3.1.  When the sample is 
diluted the concentrations are lowered, therefore reducing signal 
intensity.  This occurs for other molecular components of vaginal fluid; 
however, because SERS is so sensitive, it is still able to detect these 
components in the diluted sample.  Because the protein signal is no 
longer as intense, these underlying components (xanthine, uric acid, 
guanine, and phenylalanine) are observed in the SERS spectra. 
A. B. 
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 As vaginal fluid ages, the molecular components undergo in vitro 
metabolism and proteins begin to denature.  This denaturation is what 
helps, in addition to sample dilution, to cause lower signal intensity for 
the protein signature spectral pattern.35  Metabolism can occur at 
various rates depending on the individual and initial concentrations of 
components.  For example, adenine metabolizes to hypoxanthine, then to 
xanthine through a purine degradation pathway; however, one individual 
may have a higher initial concentration of one component over another or 
a different cellular metabolic rate causing a slight difference in relative 
intensities in their corresponding SERS spectrum.36  Even with these 
slight intensity variations the spectrum can still be classified as vaginal 
fluid.  As long as the components that identify vaginal fluid are present, 
relative intensities should be an insignificant factor in fluid classification 
due to our barcode methodology (Section 3.3).20  Additionally, if one 
metabolite is present in higher concentration than the next in succession 
or the parent compound, there could be some correlation between 
concentration ratios and age of the sample.  Once molecular components 
are assigned to peaks within a fluid spectrum, SERS can help identify 
these ratios.  Applying this information to a time study would help 
determine if such a correlation exists. 
The degradation of vaginal fluid samples when stored under 
ambient and frozen conditions indicated at least a six-month shelf life.  
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Upon analysis of the vaginal fluid spectra over the six-month time period, 
there did not appear to be any spectral variance in component ratios 
between any two time points.  The spectra appear to either lose or 
maintain signal intensity as a whole, rather than particular components 
becoming more or less concentrated than others (Figures 5 and 6).  
Based on these results, the forensic community would be able to analyze 
and identify vaginal fluid evidence from crime scenes and possibly 
reconstruct events that occurred up to six months prior.  Having a 
confirmatory analytical method with these capabilities, as opposed to the 
current presumptive techniques for vaginal fluid analysis, would be 
ground-breaking.  
 
3.3 Menstrual Cycle Variation 
The molecular components of vaginal fluid vary over the course of 
a menstrual cycle and do not necessarily remain consistent from one 
individual to the next.27  If inconsistencies exist within a single 
menstrual cycle or between donors it is important to determine  the 
causes for these variations on a molecular level.  It is also necessary to 
determine if these spectral variations will have any negative effect on the 
ability of the PLS-DA statistical model to successfully classify a spectrum 
as vaginal fluid. 
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Vaginal fluid analyzed over the span of one menstrual cycle 
showed slight intra-donor differences; however, the overall spectral 
fingerprint remained visually consistent (Figure 7).  These results 
indicate that the molecular components that vary during a menstrual 
cycle are not major contributors to the vaginal fluid spectral pattern; 
thus, SERS has the potential to yield high specificity for vaginal fluid.  
Major contributing peaks within the spectra remained present with each 
time point (weeks 1-4); however, ratios of relative intensity between the 
peaks at 725, 963, 1200-1400, and1580 cm-1 changed during a 
menstrual cycle (Table 4).   
Table 4.  Menstrual cycle peak ratios for Donor 1.  Shows relative ratios of major 
peaks in the vaginal fluid spectrum of Weeks 1 and 4 compared to Weeks 2 and 3. 
 
Peak : Peak Weeks 1 and 4 Weeks 2 and 3 
 Relative Ratio Relative Ratio 
725 : 963 cm-1 3:1 2:1 
725 : 1200-1400 cm-1 2:1 1:1 
1200-1400 : 1580 cm-1 1:1 2:3 
 
 These ratios indicate larger concentrations of hypoxanthine (722 
cm-1) and adenine (733 cm-1) and smaller concentration of xanthine 
(1580 cm-1) in weeks 1 and 4 compared to weeks 2 and 3.29-31  Because 
adenine metabolizes to hypoxanthine and xanthine is the next sequential 
metabolic product, it can be inferred that this donor was in a more 
advanced metabolic state in the middle of the menstrual cycle (weeks 2 
32 
and 3) while the metabolic process was at its beginning stages at weeks 1 
and 4. 
    
Figure 7.  Spectral results and PLS-DA statistical analysis for the menstrual cycle 
of Donor 1.  (A) Spectra of Weeks 1-4 (from bottom to top), each an average of 30 
spectra.  (B-E) PLS-DA analysis of the spectral data using barcodes.  (B) Predicted class: 
Week 1 (red).  (C) Predicted class: Week 2 (green).  (D) Predicted class: Week 3 (blue).  (E) 
Predicted class: Week 4 (cyan).  This figure was used as a representative sample of all 
10 donors studied, where Week 3 (D) was successfully separated during a menstrual 
cycle of one donor.  The overall sensitivity and specificity values for the menstrual cycle 
of Donor 1 are 86.40% and 84.25%, respectively. 
 
The PLS-DA model is a tool designed to distinguish one class of spectral 
data from another and this was used to identify spectral variances within 
a menstrual cycle, where a single representative donor is depicted in 
Figure 7.21 With Donor 1, Week 3 is statistically distinguishable from the 
others as indicated by the 98.9% sensitivity and 96.7% specificity values, 
with similar trends observed among other donors.  However, there is no 
trend which allows the classification of one week from another within a 
single menstrual cycle (Table 5). 
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Table 5.  Menstrual cycle class separation.  Shows a breakdown of each menstrual 
cycle week for each donor along with the sensitivity and specificity values for each. 
 
Donor Predicted 
Class 
Sensitivity 
(%) 
Specificity 
(%) 
Donor Predicted 
Class 
Sensitivity 
(%) 
Specificity 
(%) 
1 Week 1 76.7 78.5 6 Week 1 68.9 83.3 
1 Week 2 86.7 77.0 6 Week 2 96.7 88.9 
1 Week 3 98.9 96.7 6 Week 3 88.9 93.7 
1 Week 4 83.3 84.8 6 Week 4 74.4 88.5 
2 Week 1 93.3 84.1 7 Week 1 90.0 92.6 
2 Week 2 73.3 81.1 7 Week 2 77.8 84.1 
2 Week 3 74.4 81.1 7 Week 3 90.0 93.7 
2 Week 4 66.7 91.9 7 Week 4 90.0 87.0 
3 Week 1 80.0 18.5 8 Week 1 76.7 61.9 
3 Week 2 80.0 63.3 8 Week 2 82.2 61.1 
3 Week 3 58.9 53.0 8 Week 3 83.3 84.4 
3 Week 4 90.0 97.8 8 Week 4 83.3 75.9 
4 Week 1 73.3 76.7 9 Week 1 93.3 69.3 
4 Week 2 80.0 63.7 9 Week 2 73.3 53.7 
4 Week 3 58.9 85.6 9 Week 3 70.0 75.6 
4 Week 4 86.7 83.7 9 Week 4 100.0 100.0 
5 Week 1 98.9 92.2 10 Week 1 97.8 91.5 
5 Week 2 86.7 94.4 10 Week 2 80.0 87.4 
5 Week 3 83.3 73.7 10 Week 3 82.2 81.9 
5 Week 4 100.0 91.9 10 Week 4 100.0 94.1 
Overall Sensitivity 83.2% Overall Specificity 80.5% 
 
The ability to statistically separate some weeks of a menstrual 
cycle among donors is due to the molecular breakdown of the major 
components of vaginal fluid (adenine, hypoxanthine, protein) and the 
corresponding metabolic rates that vary from one individual to the next.  
Relative peak intensities of the adenine and hypoxanthine representative 
signals are shown to vary throughout the menstrual cycle; however, 
there is no consistent week 1-4 pattern shown among donors.  The 
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relative intensity of the protein signal is dependent on initial 
concentration compared to other molecular components as well as the 
amount of time between collection and analysis because protein 
denaturation over time will weaken the SERS protein signal, revealing 
weaker component signals that might not otherwise be visible. 
 
3.3.1 Donor Variation 
Menstrual cycle spectra were compared between individuals and 
very little donor-to-donor variation was observed.  Most spectral 
differences were observed in Donor 5 and Donor 10, and are attributed to 
the excess or lack of certain components in comparison to the typical 
vaginal fluid spectrum (Figure 8).  Donor 5 lacked a strong protein 
signature while Donor 10 had an excess of xanthine (584, 645, 1246, 
1317, and 1364 cm-1), a product of cellular metabolism.19,31 
35 
 
Figure 8.  Spectral results for all donors 1-10.  Shows spectra of each donor 1-10 
(from bottom to top), each an average of 120 reproducible spectra. 
 
 Each individual vaginal fluid donor was unable to be distinguished 
from the other classes of the same type with 83.2% sensitivity and 80.5% 
specificity using PLS-DA (Figure 9).  These results indicate that there is a 
lack of statistically significant spectral variance between donors. This will 
aid the forensic community in the identification of vaginal fluid at a 
crime scene, as the spectrum is consistent and unchanged between 
donors. 
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Figure 9.  Statistical analysis using PLS-DA with barcodes for all donors 1-10.  (A) 
Predicted class: Donor 1 (red).  (B) Predicted class: Donor 2 (green).  (C) Predicted class: 
Donor 3 (blue).  (D) Predicted class: Donor 4 (cyan).  (E) Predicted class: Donor 5 
(magenta).  (F) Predicted class: Donor 6 (grey).  (G) Predicted class: Donor 7 (purple).  
(H) Predicted class: Donor 8 (orange).  (I) Predicted class: Donor 9 (pink).  (J) Predicted 
class: Donor 10 (burgundy).  Separation of among donors is unsuccessful, 
demonstrating low inter-donor variability.  The overall sensitivity and specificity values 
for vaginal fluid against classes of the same type are 83.20% and 80.50%, respectively. 
 
To further demonstrate that vaginal fluid will always be classified 
as such, PLS-DA was conducted with vaginal fluid as the predicted class 
against both blood and semen (Figure 10).  One arbitrary spectrum was 
chosen from each vaginal fluid donor to serve as unknowns in order to 
simulate identification of vaginal fluid from a crime scene.  The spectra 
classified as known vaginal fluid consisted of 4 randomly chosen spectra 
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from each donor for a total of 40 spectra (Figure 10).  
  
Figure 10.  Statistical analysis using PLS-DA with barcodes for all donors 1-10 
against semen or blood.  (A) Predicted class: Vaginal Fluid (green). Semen (blue) is 
correctly below the discrimination line while the 10 unclassified spectra are identified 
as vaginal fluid, above the discrimination line.  The overall sensitivity and specificity 
values for vaginal fluid against semen are 92.50% and 73.30%, respectively. (B) 
Predicted class: Vaginal Fluid (green). Blood (red) is correctly below the discrimination 
line while the 10 unclassified spectra are identified as vaginal fluid, at or above the 
discrimination line.  The sensitivity and specificity values for vaginal fluid against blood 
are 87.50% and 70.00%, respectively. 
 
Each of the ten spectra classified as unknowns were identified as 
vaginal fluid with 87.5% sensitivity and 70.0% specificity by the PLS-DA 
model falling above the discrimination line when compared against both 
blood and semen with vaginal fluid as the predicted class.  These values 
are less than the reliable 95% because the vaginal fluid known samples 
as well as the ten individual unknown classes within the model are being 
pulled above the discrimination line simultaneously.  This would 
typically indicate that the statistical model is unsuccessful in the 
separation of classes; however, because these classes are all 
representative of vaginal fluid samples separation is not expected. 
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In the analysis with each class being a different individual but 
always vaginal fluid, low sensitivity and specificity values for the PLS-DA 
model indicates that the model cannot distinguish between vaginal fluid 
donors which is expected (Table 6).  In the forensic science community, 
these results indicate SERS can analyze a biological sample and have a 
reliable method of identifying vaginal fluid. 
Table 6.  Sensitivity and specificity results for vaginal fluid using PLS-DA with 
barcodes.  Vaginal fluid spectra cross-validated against other vaginal fluid spectra 
using random subsets. 
 
 
SENSITIVITY (%) SPECIFICITY (%) 
DONOR VARIABILITY WITHIN A CYCLE 79.82 76.38 
DONOR 1 86.40 84.25 
DONOR 2 76.93 84.55 
DONOR 3 77.23 58.15 
DONOR 4 74.73 77.43 
DONOR 5 92.23 88.05 
DONOR 6 82.23 88.60 
DONOR 7 86.95 89.35 
DONOR 8 81.38 70.83 
DONOR 9 84.15 74.65 
DONOR 10 90.00 88.73 
   
OVERALL - VAGINAL FLUID 82.91% 80.09% 
   
 
3.4 Body Fluid Mixtures 
 Biological mixtures are particularly significant in cases of sexual 
assault where vaginal fluid could be found mixed with semen and in 
more violent or severe cases, blood.  The presence of either semen or 
blood at a crime scene along with vaginal fluid is suggestive of a sexual 
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assault because vaginal fluid is not otherwise commonly found at a crime 
scene.27 
 
3.4.1 Semen-Vaginal Fluid Mixture 
 The spectral signature of semen has a distinct fingerprint from that 
of vaginal fluid, and is further distinguishable using PLS-DA (Figure 11).  
In the region of 600 – 700 cm-1, there is a single peak in the semen 
spectrum while the same region for vaginal fluid shows a less intense 
doublet peak.  The relative intensity ratio of the hypoxanthine peak 
found at 725 cm-1 to that of the broad protein signal found in the 1200 – 
1400 cm-1 region is approximately 1:2 for semen and 2:1 for vaginal 
fluid.  Vaginal fluid has a shoulder peak c.a. 1450 cm-1, which is a very 
weak shoulder within the semen spectrum.   
The signal obtained from the mixture of semen and vaginal fluid is 
dominated by vaginal fluid, specifically the 600 – 800 cm-1 region and the 
peak found at 1450 cm-1.  However, the mixture spectrum is easily 
distinguished using PLS-DA and the relative intensity ratio of 725:1200 – 
1400 cm-1 becomes 1:1.  This would be useful in a sexual assault case. 
In cases of sexual assault, vaginal samples and biological stains 
presumptively identified as semen are usually examined for the presence 
of sperm using a cellular stain such as Kernechtrot Picroindigocarmine 
(KPIC) and microscopic visualization.37  If a biological sample is taken 
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from a crime scene, analyzed using SERS, and identified as vaginal fluid, 
the possibility or known occurrence of sexual assault would require a 
presumptive test for semen and lead to the identification of sperm in the 
sample.  However, statistical analysis shows the mixture of semen and 
vaginal fluid to be successfully distinguished from either of the two body 
fluids alone (Figure 11.B).   
  
Figure 11.  Spectral results and PLS-DA statistical analysis for a 1:1 semen-vaginal 
fluid mixture.  (A) Spectra of semen (blue), vaginal fluid (green) and a mixture of the 
two (magenta), each an average of 30 spectra.  (B-D) PLS-DA analysis of the spectral 
data using barcodes.  (B) Predicted class: Semen (blue).  (C) Predicted class: Vaginal 
fluid (green).  (D) Predicted class: 1:1 semen-vaginal fluid mixture (magenta).  Results 
indicate that SERS signatures can be used to distinguish a 1:1 semen-vaginal fluid 
mixture from pure semen or vaginal fluid samples and vice versa with an overall 96.2% 
sensitivity and 95.7% specificity. 
 
Specifically, Figure 11.B-D shows the power of PLS-DA to 
distinguish the semen-vaginal fluid mixture from the components, and 
Table 7 confirms the visual classification with high sensitivity and 
specificity values of 96.23% and 95.67%, respectively.  However, the 
sensitivity and specificity values of 92.00% and 88.70%, respectively, for 
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the semen-vaginal fluid mixture as the predicted class are lower than the 
ideal 95%, which indicates that the model will not always reliably classify 
this mixture.  A correct classification of the semen-vaginal fluid mixture 
would make the presumptive semen test unnecessary and the analysis 
can move directly to a cellular stain, or perhaps DNA analysis, saving 
time and resources. 
Table 7.  Sensitivity and specificity results for semen using PLS-DA with barcodes.  
Vaginal fluid spectra cross-validated against semen spectra using random subsets. 
 
  Sensitivity Specificity 
Semen - Overall 96.23% 95.67% 
Semen 100.00% 98.30% 
Vaginal Fluid 96.70% 100.00% 
Mixture 92.00% 88.70% 
 
Currently, the model will classify the mixture as either semen, 
vaginal fluid or a mixture of the two body fluids; therefore, a visual 
examination of the spectrum will improve the misclassification.  Due to 
this, sample spectra should always be analyzed by visual examination in 
addition to the statistical model in order to help rule out such 
discrepancies. However, the model could be improved by increasing the 
database size in order to encapsulate more spectral variance. 
 
3.4.2 Blood-Vaginal Fluid Mixture 
Blood has a distinct spectral signature from that of vaginal fluid 
and is easily distinguished using PLS-DA statistical analysis (Figure 12).  
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One noticeable spectral difference shows a weak peak (c.a. 685 cm-1) for 
blood, while in the same region there is a weak doublet peak (c.a. 681 
and 687 cm-1) in vaginal fluid spectrum.  The relative intensity ratio of 
the 725 cm-1 hypoxanthine peak to that of the broad protein peak c.a.  
1100 – 1400 cm-1 region is approximately 1:3 for blood and 2:1 for 
vaginal fluid.  There is a peak at 1450 cm-1 within the vaginal fluid 
spectrum that is not present in blood.  There is also a very intense 
doublet peak in the region from 1500 – 1700 cm-1 in the blood spectrum, 
which is not observed in the vaginal fluid spectrum.   
The signal obtained from the mixture of blood and vaginal fluid is 
dominated by vaginal fluid, specifically the 600 – 800 cm-1 region, the 
peak at 1450 cm-1 and the 1500 – 1700 cm-1 region.  However, the blood-
vaginal fluid mixture spectrum is distinguished using PLS-DA with 
sensitivity of 92.70% and specificity of 95.30%.  This sensitivity value is 
slightly lower than the ideal 95% or higher which means that the model 
will not always have a high functionality when presented with blood-
vaginal fluid mixture spectra.  However, the 95.30% specificity value for 
this mixture means the model will still classify the mixture reliably.  
Sample spectra should always be analyzed by visual examination in 
addition to the statistical model in order to help rule out such 
discrepancies. 
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Menstrual blood, although visually dominated by vaginal fluid and 
very similar to the signal given by the mixture of blood and vaginal fluid, 
is indistinguishable from blood, vaginal fluid, or the mixture of the two 
body fluids when using PLS-DA statistical analysis with a low sensitivity 
of 86.7% and a very low specificity of 67.8% (Figure 12.D).  However, the 
menstrual blood spectrum is visually distinguishable from blood alone.  
Due to this, if a biological stain is classified as a blood-vaginal fluid 
mixture using SERS, this is an indication that the sample is either 
menstrual blood or a mixture of blood and vaginal fluid. 
 
Figure 12.  Spectral results and PLS-DA statistical analysis for a 1:1 blood-vaginal 
fluid mixture.  (A) Spectra of blood (red), vaginal fluid (green), a blood-vaginal fluid 
mixture of the two (orange), and menstrual blood (purple), each an average of 30 
spectra.  (B-E) PLS-DA analysis of the spectral data using barcodes.  (B) Predicted class: 
Blood (red).  (C) Predicted class: Vaginal fluid (green).  (D) Predicted class: Mixture 
(orange).  (E) Predicted class: Menstrual blood (purple).  Although the separation of 
menstrual blood from peripheral blood, vaginal fluid or a blood vaginal fluid mixture 
was unsuccessful, SERS signatures can be used with PLS-DA to distinguish a 1:1 
blood-vaginal fluid mixture from pure blood or vaginal fluid samples and vice versa with 
an overall 94.4% sensitivity and 94.9% sensitivity. 
 
In this case with each class being a different body fluid or a 
mixture of fluids, high sensitivity and specificity values of 94.43% and 
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94.93% respectively for the PLS-DA model are a good thing (Table 8).  
This indicates that, in general, the model can successfully distinguish 
vaginal fluid spectra from both blood spectra as well as a mixture of the 
two fluids together. 
Table 8.  Sensitivity and specificity results for blood using PLS-DA with barcodes.  
Vaginal fluid spectra cross-validated against blood and menstrual blood spectra using 
random subsets. 
 
  Sensitivity Specificity 
Blood - Overall 94.43% 94.93% 
Blood 97.30% 96.40% 
Vaginal Fluid 93.30% 93.10% 
Mixture 92.70% 95.30% 
Menstrual Blood 86.70% 67.80% 
 
In the forensic science community these results are promising 
though not ideal because this means that when using SERS to analyze a 
biological sample, vaginal fluid may be misclassified as menstrual blood 
but not necessarily overseen if present as a blood-vaginal fluid mixture. 
 If a biological stain is visibly red or thought to contain blood, a 
presumptive test such as the Kastle-Meyer test would currently be used 
to identify the possible presence of blood.38  However, if a biological 
sample is taken from a crime scene, analyzed using SERS coupled with 
PLS-DA statistical analysis, and identified as a blood-vaginal fluid 
mixture, this would make a presumptive test for blood unnecessary, 
saving time and resources and aide in the reconstruction of the case.  
Without SERS, the sample would only be classified as blood and the 
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presence of vaginal fluid would remain unknown, making it difficult to 
support the classification of the crime as sexual assault. 
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4. CONCLUSIONS 
 The major components of vaginal fluid contributing to the SERS 
signal were identified as adenine, hypoxanthine, and protein.  All major 
peaks of the vaginal fluid signature spectrum are accounted for using 
these components alone.  If the molecular components of other body 
fluids commonly found at a crime scene can also be identified with all 
major peaks accounted for, analysis of these samples using SERS can be 
considered highly specific in addition to SERS sensitivity. 
The SERS signal of vaginal fluid demonstrated little degradation 
over time, particularly when frozen, indicating that samples stored for 
long periods of time will still have a strong SERS signal.  This 
information is useful for the forensic community to know that vaginal 
fluid samples will have a shelf life of at least 6 months and any results 
analyzed prior to that time point can be reliably interpreted.  When 
beginning to degrade, the signal intensity decreases from all molecular 
components contributing to the SERS signal.  Because of the unaltered 
spectral pattern, it can still be reliably interpreted as long as all major 
contributing peaks are present as indicated in this study. 
 Vaginal fluid samples within a single menstrual cycle showed 
minor intensity changes and lack of a reproducible trend in variation 
from one cycle to the next among donors.  Spectral signals from vaginal 
fluid donors also showed minor differences between individuals.  These 
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results indicate that the basic vaginal fluid signature is universal among 
individuals and does not vary significantly during a menstrual cycle as 
demonstrated by the inability of PLS-DA to distinguish between donors.  
This means that when using SERS to analyze a biological sample, vaginal 
fluid will be correctly identified.  Currently, the forensic science field does 
not have a confirmatory method of detecting the presence of vaginal fluid; 
thus, SERS coupled with PLS-DA can improve the field by accurately 
detecting vaginal fluid at a crime scene. 
Semen has a distinct spectral fingerprint from that of vaginal fluid 
and with the use of PLS-DA statistical analysis, each of these fluids can 
be successfully distinguished from each other.  This was also true for 
blood when compared to vaginal fluid.  Visual examination is 
recommended along with the PLS-DA statistical model in order to 
overcome the low sensitivity and specificity values for menstrual blood, 
which is indistinguishable from vaginal fluid using SERS combined with 
PLS-DA.  Visually, menstrual blood is nearly identical to vaginal fluid or 
a blood-vaginal fluid mixture; however, the menstrual blood spectrum is 
visually distinguishable from blood alone.  Due to its inability to identify 
individual body fluids comprising a mixture, PLS-DA statistical analysis 
is not the optimal methodology for identification of body fluid mixtures. 
Visual examination reveals that the spectral signature for vaginal 
fluid will dominate the SERS spectrum when present as a mixture with 
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either blood or semen and PLS-DA analysis provides a clear distinction 
between each of these body fluids.  Vaginal fluid was identified with an 
overall 95.0% sensitivity and 96.6% specificity when compared against 
blood and semen using the SERS method of specimen analysis, spectral 
barcodes, and PLS-DA statistical analysis.  In the forensic science 
community these results are promising as SERS provides a non-
destructive, easy to use, rapid, portable, and potentially confirmatory 
methodology to analyze vaginal fluid or any other biological sample.   
 
 
4.1 Future Research 
 The scope of this research can be expanded in several directions, 
including but not limited to the environment, storage conditions, 
substrate types, and donor-dependent factors.   
The effects of various climate types and environmental conditions 
on vaginal fluid samples can also be studied in order to mimic actual 
crime scenes.  Extreme cold, heat, humidity, or dry atmospheres can 
have varying effects on the biological components of vaginal fluid from 
degradation to preservation.39  It would be useful to determine any 
drawbacks these changes would have when using the SERS method of 
identifying body fluids. 
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The variability of the vaginal fluid signature spectrum should be 
studied as a factor of age, diet, disease, or medication.  Prominent 
molecular components of vaginal fluid giving a SERS spectrum may vary 
between individuals of a young age to those of the elderly.  Whether an 
individual is a healthy eater or is lacking proper nutrition may have a 
biological effect on the resulting vaginal fluid SERS spectrum.  A similar 
biological effect may be seen in a spectrum of a sample collected from an 
individual who is carrying a given disease or taking medication on a long-
term basis.  If these factors have a significant effect on the spectral 
pattern of vaginal fluid, it would be useful to know whether SERS can 
still successfully distinguish vaginal fluid from other body fluids.   
Additionally, research is needed, to study the effects of various 
fabric types on extraction efficiency and mixtures with blood and semen 
at various concentrations as well as other body fluids.  Porous materials 
will absorb more of a liquid or biological sample making it difficult to 
obtain the sample.  Extraction of a sample from absorbent material 
would assess whether SERS is sensitive enough to detect limited samples 
that might be present on fabric or similar substrates.  Current vaginal 
fluid presumptive techniques require a comparatively larger sample size, 
enough to produce a smear on a microscope slide.6,7 
It would also be important to analyze mixtures of blood or semen 
with vaginal fluid at varying ratios to mimic a sexual assault.  At the 1:1 
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ratios tested with this research both mixture spectra were dominated by 
the vaginal fluid spectral pattern.  If using a higher ratio of blood or 
semen to vaginal fluid, the spectra might show a more even distribution 
of identifying features from both fluids rather than just one.  This 
identification process could also be improved by increasing the database 
size in order to encapsulate more spectral variance. 
An optimized statistical method is needed for more reliable 
separation and identification of body fluid mixtures with sensitivity and 
specificity values falling at a reliable 95% or above, as this cannot be 
accomplished using PLS-DA.  To improve body fluid identification overall, 
a more encompassing reference library, which includes possible 
variances of the SERS spectra for both single body fluids and mixtures, 
is needed in conjunction with improved statistical analysis. 
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